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Introduction
• At the June 2017 MOWG, it was brought up that the annual dip in 
Aqua’s Mean Local Time (MLT) plot resembles an uneven parabola. 
– If the MLT rate were increasing at a constant rate, the annual dip would 
be more symmetric.
– The MLT rate appears to increase more rapidly in the fall and winter 
than in the spring.
• Further, the inclination plot in the true-of-date reference frame 
resembles a “hockey stick” shape, which is seen each year.
• An investigation into the physical causes of these effects was 
performed to gain deeper insight into the forces driving Aqua’s
orbital variations.
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Uneven Parabola
• The chart below shows the uneven parabola shape in the annual dips 
in Aqua’s MLT plot.
• This shape is seen for all years, in both definitive and predictive 
MLT plots.
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“Hockey Stick” Shape
• The chart below shows the “hockey stick” shape for the inclination 
plot in the true-of-date (TOD) reference frame.
• This shape is also seen for all years.
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Background
• In order to verify and quantify the factors leading to these shapes in 
the plots, several simulations were run.
• Assuming an exact convex parabola, we would expect the MLT rate 
plot (i.e. the first derivative of the MLT) to be linear, and we would 
expect the rate of MLT rate plot (i.e. the second derivative of the 
MLT) to be positive and constant.
• Given the presence of the “uneven” parabola shape, we should see 
the rate of MLT rate plot vary over the course of each year.
• We would expect it to be larger in the winter than in the spring.
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• We can relate the rate of change in the right ascension of the 
ascending node (RAAN) rate to the rate of change in the 
inclination.
– Since Aqua’s MLT is linearly related to its RAAN, this allows us to relate the 
rate of change in the MLT rate (the second derivative of the MLT) to the rate of 
change in the inclination.
– Comparing the inclination rate allows for a smoother visualization of the effect, 
since only one derivative/rate needs to be taken.
Relating MLT Rate and Inclination
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ΔΩ̇ = 32𝑛𝑛 𝑅𝑅𝑒𝑒𝑝𝑝 2 𝐽𝐽2 sin 𝑖𝑖 Δ𝑖𝑖
𝑀𝑀𝑀𝑀𝑀𝑀 ≈ Ω − 𝑅𝑅𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 ∗
24ℎ𝑟𝑟𝑟𝑟360° + 12ℎ𝑟𝑟𝑟𝑟
∴ Δ ̇𝑀𝑀𝑀𝑀𝑀𝑀~Δ ̇𝚤𝚤
𝛀𝛀 = RAAN
𝑹𝑹𝑨𝑨𝒔𝒔𝒔𝒔𝒔𝒔 = Right ascensionof the Sun
𝒔𝒔 = Mean motion
𝑹𝑹𝒆𝒆 = Earth radius
𝒑𝒑 = semiparameter 𝑎𝑎 1 − 𝑒𝑒2
𝑱𝑱𝟐𝟐 = 1𝑠𝑠𝑠𝑠zonal harmonicof the geopotential
𝒊𝒊 = inclination
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Verification – Inclination Rate
• Lifetime simulations for Aqua were run to verify these hypotheses.
– The inclination rate is indeed largest around December each year, 
which confirms the effect.
– The plot below shows the inclination rate in the TOD reference frame 
over time.
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Causes For Variations
• The causes for this yearly variation can be determined by looking 
at the primary forces perturbing Aqua’s orbit:
– Drag
– Solar radiation pressure
– Sun gravity
– Moon gravity
– Earth zonal and tesseral potential
• Other perturbing forces such as Venus/Jupiter gravity are small 
enough relative to the other forces that they can be ruled out as 
factors contributing to the large variations.
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Causes For Variations
• To determine the cause of these variations we must look at how 
these forces affect Aqua’s orbit.
• These forces will have components both in and out of the 
spacecraft’s orbital plane.
• Only the out-of-plane components of these forces will alter the 
orbit’s inclination.
• The Sun and Moon-induced forces have large out-of-plane 
components, and thus likely contribute to this effect.
• Drag has a minimal out-of-plane component, and thus does not 
likely contribute to this effect.
106/21/2018
Solar Beta 
Angle
Mission Operations Working Group
June 12-14, 2018
Notes About Plots
• To best show the natural perturbations on Aqua’s orbit, the following 
simplifications were made for all analyses:
– To remove short-term oscillations, all plots show a 30-day averaged 
value. 
– Inclination-adjust maneuvers were turned off in these simulations to 
ensure that the natural trends are more isolated.
– Drag was not modeled and drag make-up maneuvers were turned off.
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Simulations
• In order to verify the hypothesis that the Sun and Moon-induced 
forces primarily contribute to this effect, two simulations were run:
– First, with all forces (except drag) turned on, with the 30x30 
geopotential model used in Aqua’s operations.
– Second, with only second-order zonal (J2), SRP, Sun-gravity and Moon-
gravity forces turned on.
• In addition, the out-of-plane acceleration induced by each force was 
computed, allowing for a direct comparison.
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Simulations – Inclination Rate
• The plot below shows the true-of-date inclination rate over time for 
both simulations.
• The similarities in the yearly variations between the two simulations 
confirm that these forces (Sun, Moon, SRP, J2) are the main forces 
causing this effect.
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Simulations – Accelerations
• The plot below shows the out-of-plane acceleration components of 
the SRP, Sun-gravitational, and Moon-gravitational forces.
– All acceleration components vary on an annual cycle.
– The Sun acceleration components peak in December/January, while the 
Moon acceleration component peaks in October/November, meaning 
they all contribute to some extent to the “uneven parabola” effect.
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Solar Beta Angle
• The magnitude of the out-of-plane components of the Sun-induced 
perturbations should vary with the solar beta angle.
• The solar beta angle represents the angle between a spacecraft’s 
orbital plane and the Earth-Sun vector.
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Sun’s Out-of-Plane Acceleration Components
• The Sun-gravitational and SRP accelerations exhibit a very similar 
annual shape, though the SRP acceleration is smaller in magnitude.
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3rd Body Sun Acceleration vs. Solar Beta Angle
• This annual shape looks remarkably similar to the solar beta angle 
plot over time (shown below).
– This makes sense: at a larger solar beta angle, the Sun’s gravitational 
pull will contribute more out-of-plane acceleration.
– The spacecraft’s distance from the Sun will also affect the out-of-plane 
acceleration slightly over time.
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Moon Out-of-Plane Acceleration
• Similarly, the magnitude of the out-of-plane component of the 
Moon-gravitational force should vary with the angle between the 
Earth-Moon vector and Aqua’s orbital plane.
• The out-of-plane acceleration due to the Moon-gravitational force is 
shown in the plot below.
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Earth-Moon/Orbital Plane Angle
• The plot below shows the 30-day averaged angle between the Earth-
Moon vector and Aqua’s orbital plane over time.
• As expected, this general shape of this plot looks similar to the shape 
of the plot on the previous slide showing the out-of-plane 
acceleration due to the Moon-gravitational force, with peaks 
occurring at the same time of year.
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Effect on Inclination Rate
• The effect of each force on the inclination rate in the TOD reference 
frame can be isolated by running multiple simulations and removing 
forces from the model in successive simulations.
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Effect on Inclination Rate
• If the Moon-gravitational force is not modeled (see green in figure 
below), the inclination rate (and therefore the rate of MLT rate) still 
exhibits a periodic trend peaking around December each year, 
though the effect is smaller than when the Moon-gravitational force 
is modeled (see blue in figure below). 
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Effect on Inclination Rate
• If neither the Moon nor the Sun-induced forces are modeled, and 
only the J2 perturbation is included (see red in figure below), the 
inclination rate still exhibits a periodic trend peaking around January 
each year, though this effect is relatively small.
• This may be due to oscillations in the reference frame.
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Conclusions
• The yearly “uneven parabola” shape observed in Aqua’s MLT plot, 
and the “hockey stick” shape observed in its true-of-date inclination 
plot, can be attributed to three main factors:
– The Sun’s gravitational pull has a larger out-of-plane component when 
the solar beta angle is larger; this angle peaks in December of each 
year.
– The out-of-plane component of the SRP force also varies with the solar 
beta angle.
– The out-of-plane component of the Moon’s gravitational pull follows a 
yearly cycle which peaks in October/November.
• Theses forces combine to cause the inclination rate (and therefore 
MLT-rate rate) to peak around December of each year, and to reach a 
minimum around August of each year, resulting in the observed 
shapes in the MLT and TOD inclination plots.
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Reference
• For additional information about the physical geometry behind the 
solar beta angle plot, as well as other useful insights into the 
complexities of flying in Sun-synchronous orbits, refer to A-B-Cs of 
Sun-Synchronous Orbit Mission Design by Ronald J. Boain.
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